A method for discriminating Type Ia and Ib PSCs from POAM satellite occultation measurements of aerosol extinction coefficient is described. The method has been validated by applying several statistical tests to the results and by using DIAL and OLEX lidar observations made during SOLVE/THESEO 2000. Type Ia PSCs are believed to be composed of large nitric-acid-containing particles that will sediment out of the stratosphere causing denitrification and facilitating ozone depletion. Type Ib PSCs are believed to be much smaller and will not sediment out of the stratosphere.
Introduction
The chemistry of stratospheric ozone loss involves heterogeneous reactions on clouds of small particles called Polar Stratospheric Clouds (PSCs). The term PSC refers to several distinct categories of cloud differentiated by unique observable characteristics. After some of the first observations of PSCs by McCormick et al. [1982] using Stratospheric Aerosol Measurement (SAM) II data, Turco et al. [1989] first differentiated Type I and Type II PSCs. Type II PSCs are observed at temperatures below the ice frost point (typically about 188 K at stratospheric conditions) and have characteristics generally consistent with water ice particles. At warmer temperatures, up to about 7 K above the ice frost point, Type I PSCs are observed. Browell et al. [1990] distinguished two classes of Type I PSCs, Ia and Ib, from Arctic Discriminating Type Ia and Ib PSCs in POAM Satellite Data 3 lidar observation. Type Ib clouds are characterized by high values of lidar backscatter and low depolarization. These clouds appear to be consistent with small liquid particles probably composed of ternary solutions of H 2 SO 4 /HNO 3 /H 2 O [Toon et al., 1990; Drdla et al., 1994 , Toon et al., 2000 . Type Ia clouds are characterized by moderate lidar extinction and high depolarization. These characteristics are consistent with larger solid particles [Toon et al., 1990] that are assumed to be composed of nitric acid tri-or dihydrate (NAT or NAD, respectively) [Hanson and Mauersberger, 1988; Worsnop et al., 1993] Interest in PSCs is driven by their effect on the fate of active forms of chlorine, such as ClO, that react rapidly to destroy ozone. This occurs in two ways. First, PSCs provide surfaces for heterogeneous reactions that produce active forms of chlorine from inactive, reservoir species, such as HCl and ClONO 2 . Second, larger PSC particles that contain nitric acid sediment, permanently removing nitric acid from the higher altitudes of the stratosphere. This denitrification allows chlorine to remain in its active state, increasing ozone loss. Despite their importance, the formation mechanism responsible for Type Ia PSCs is uncertain [Tolbert and Toon, 2001] .
Antarctic PSCs have similar characteristics to those observed in the Arctic. Rosen et al. [1993] found from balloonborne measurements that aerosols in the Antarctic exhibit properties similar to those of the Arctic Type Ia and Ib. Airborne Southern Hemisphere Ozone Experiment (ASHOE) data show that high supersaturations are initially required to form NAT PSCs in the Antarctic just as they are in the Arctic [Dye et al., 1996; Del Negro et al., 1997] . Santee et al. [1999] show that nitric acid profiles in the Antarctic are consistent with several types of PSCs forming under differing temperature histories.
In situ observations can provide evidence of episodic denitrification, but satellite observations are needed to show the full extent of denitrification. Denitrification is a widespread phenomenon in the Antarctic stratosphere [see for example Santee et al., 1999] . Reports of denitrification in the Arctic are not as common. Balloon-borne studies show that denitrification and sedimentation of nitric acid in the lower stratosphere do occur in the Arctic [Schlager et al., 1990] . ER-2 measurements showed significant denitrification, suggesting that particle sedimentation removed nitrogen from the Discriminating Type Ia and Ib PSCs in POAM Satellite Data 4 stratosphere during the Airborne Arctic Stratospheric Experiment (AASE) I [Fahey et al., 1990] . Recent satellite observations also show evidence for denitrification in the Arctic [Santee et al., 2000] .
One major result from the recent SAGE III Ozone Loss and Validation Experiment and the Third European Stratospheric Experiment on Ozone II (SOLVE/THESEO 2000) is in situ evidence of the existence of very large (D > 10 m) particles that contain nitric acid. [Fahey, et al., 2001] . Concurrent lidar measurements confirm that these are Type Ia
PSCs. The significance of this finding is that these large particles have appreciable sedimentation velocities. As these large particles fall they take nitric acid out of the stratospheric regions, causing denitrification. Denitrification is the permanent loss of nitric acid from an atmospheric layer. Thus, denitrification leads to increased ozone loss by allowing chlorine to remain in its active forms (e.g. ClO) longer. Supercooled Ternary Solutions (STS) or Type Ib PSCs are smaller and sediment too slowly to cause severe denitrification to any appreciable degree. Thus it would be very important to be able to use satellite data to discriminate between Type Ia and Ib PSCs. One could potentially identify denitrification events and study the formation mechanisms of these types of PSCs over the longer time spans and larger area coverage available with satellites. This paper presents a method for discriminating Type Ia and Ib PSCs using the Naval Research Laboratory's Polar Ozone and Aerosol Measurement (POAM III) satellite occultation observations of aerosol extinction coefficient. The observations are described briefly. Then the algorithm and its theoretical basis are described in the next section. Lidar data are used to verify the method. Aspects of the extinction-wavelength dependence behavior of POAM observations are discussed. Finally, results of the method applied to the Arctic 1999/2000 winter are presented.
Observations
The POAM III instrument is a visible/near infrared solar occultation photometer which measures stratospheric Discriminating Type Ia and Ib PSCs in POAM Satellite Data 5 constituents in the polar regions of both hemispheres. POAM makes 14 to 15 measurements per day in each hemisphere around a circle of latitude between about 61° and 69° [Lucke et al., 1999] . First measurements were obtained in April, 1998. The POAM III measurement complement includes ozone, water vapor, NO 2 , and aerosol extinction. The wavelengths used for aerosol extinction are 0.3534, 0.4422, 0.603, 0.779, 0.9924, and 1.018 ¡ m. This paper utilizes measurements made at 0.603 and 1.018 ¡ m. For brevity, we refer to these wavelengths as 0.6 and 1 ¡ m. The method for identification of PSC profiles (i.e. a POAM profile containing at least one PSC aerosol enhancement) is described in Fromm et al. [1997 Fromm et al. [ , 1999 . This method uses only enhancements in the 1 ¡ m extinction. For analysis of individual PSC extinction measurements in this paper, we have used only PSCs with extinction coefficients that meet the 4-sigma PSC threshold [Fromm et al., 1997] . This restriction eliminates PSCs with low values of extinction coefficient. It is unlikely that these PSCs contain particles with enough mass to cause denirtification.
The subject of this study is the Arctic winter of 1999/2000. The conditions during this winter were favorable for the formation of Type I PSCs. Additionally, the SOLVE/THESEO 2000 mission, conducted during this period, provided much useful information and valuable insights into Type Ia and Type Ib PSC formation and characteristics. As part of this study NASA Langley's differential absorption lidar (DIAL) [Browell et al., 1990] was flown on NASA's DC-8 from Kiruna, Sweden. Scattering ratios and aerosol depolarization were derived from the lidar measurements at 0.604 and 1.064 ¡ m.
Another lidar, the Ozone Lidar Experiment (OLEX) was flown aboard the DLR Falcon during the international SOLVE/THESEO 2000 campaign at this same time [Dörnbrack et al, 2001] . PSC type was determined using the criteria outlined in Browell et al., [1990] . These lidar measurements were used to validate the discrimination algorithm presented in this work.
Aerosol radiative extinction was calculated using a Mie scattering code. The refractive index of sulfate solutions were taken from Steele and Hamill's [1981] fit to the Palmer and Williams [1975] data and those of ternary solutions based on weighted averages of binary solutions calculated by a routine provided by U. Krieger [Lou et al., 1996] . The refractive Discriminating Type Ia and Ib PSCs in POAM Satellite Data 6 index of water ice, SAT, and NAT was fixed at 1.33, 1.40, and 1.43, respectively, independent of wavelength and temperature. The imaginary component of all refractive indices was set to zero for the wavelengths under consideration.
The calculation does incorporate the effect of cores in the particles (i.e., the SAT core inside a NAT particle). A comparison between extinctions calculated with this model and POAM II observations has been made in Steele et al. [1999] . Generally, changes in the refractive index in this range have a second order effect on the extinction when compared to changes in particle size and morphology. For instance, changing the refractive index for NAT from 1.4 to 1.35 changes the extinction by less than 1%.
The Mie theory assumes a spherical particle shape and Type Ia PSC's are likely to be solid crystals. Mishcehnko [1993] compared Mie calculations of spherical particles to calculations using the T-matrix method to calculate light scattering by size-shape distributions of axially symmetric particles. The applicability of the T-matrix technique for this application is discussed in this reference. His results showed that the extinction cross-section was increased by only 10% in the worst case when various spheroids were used rather than spherical particles. Furthermore, the only information we have on the crystal habit of Type I PSC are from replicator data and the polarization of lidar signals. The lidar data indicate that the particles are not spherical. Replicator samples show a variety of shapes: hexagonal plates, columns, triangles, and amorphous shapes [Goodman et al., 1997] . Thus it is difficult to know what shape and orientation to assume for the radiative calculations. As part of our future work, we plan to carry out some calculations to determine the wavelength dependence of the extinction coefficient with particle shape.
The PSC Discrimination Algorithm
This section describes the PSC discrimination algorithm that we have devised using POAM III PSC observations to discriminate Ia and Ib PSCs. We used a computer model to simulate Type I PSCs formation and radiative effects. A Discriminating Type Ia and Ib PSCs in POAM Satellite Data 7 difference in calculated extinction levels and wavelength dependence was observed between Ia and Ib PSCs. We found this difference also existed in POAM III PSC observations in the Northern Hemisphere winter of 1999/2000. Several of the PSCs identified by POAM were verified with coincident lidar measurements.
Radiative extinction caused by atmospheric particles is well-described by Mie theory [van de Hulst, 1957] . The extinction of small particles has a strong dependence on wavelength while the extinction of larger particles has a weak dependence on wavelength. Therefore, given the much larger sizes attributed to Type Ia PSC particles, we expect that their extinction will have a weak wavelength dependence whereas the extinction of the much smaller Type Ib PSC particles should have a relatively strong wavelength dependence. Our approach to discriminating these two types of PSCs is based on this anticipated behavior.
The Integrated MicroPhysics and Aerosol Chemistry on Trajectories (IMPACT) model [Drdla, 1996] has been used to simulate PSCs and confirm their radiative behavior. These calculations have focused on idealized cases using IMPACT as a box model in order to determine general relationships between PSC type and radiative characteristics. The IMPACT model simulates the PSC microphysics, heterogeneous chemistry, gas-phase chemistry, and radiative effects of aerosols.
The model microphysics calculates the evolution of the multiple particle types that may be present in a PSC, including liquid sulphate aerosols, ternary solutions, heterogeneous nuclei and solid phase Type I and Type II PSCs. The processes simulated include condensation, evaporation, sedimentation, nucleation, freezing, melting, and radiative extinction.
In all the simulations considered for this paper, the solid phase Type I PSC are assumed to be NAT. This assumption is consistent with SOLVE/THESEO 2000 measurements [Drdla, 2001] . To introduce frozen particles, we assumed that a heterogeneous freezing process occurred in which a percentage of the initial sulfate aerosols are assumed to contain an impurity which promotes freezing as soon as the saturation ratio of NAT exceeds 2. The exact composition of the nucleus is not specified. The fraction of particles containing these nuclei has been varied from 0.01 to 0.0001.
Initial gas phase concentrations for H 2 O and HNO 3 are 5 ppmv and 10 ppbv, respectively. The initial sulfate Discriminating Type Ia and Ib PSCs in POAM Satellite Data 8 distribution used to initialize the model was based on the measured distributions [Wilson et al., 1992] . This initial distribution is shown in Figure 1a . The background aerosol distribution was assumed to be a log-normal distribution with concentration and modal radius of 10 particles per cc and 0.08 micron at 210° K temperature and 50 mbar pressure. The extinction coefficient generated by this distribution was slightly greater than POAM background aerosol observations during SOLVE/THESEO 2000.
In these idealized simulations, the temperature is decreased from 197 K to 188 K in the first six days. The saturation temperatures with respect to NAT and ice, T NAT and T ICE , were approximately 196 K and 187 K, respectively. The temperature then remained at 188 K for the remainder of the ten day simulation. This temperature history was to insure that the particles had ample time to grow and reach equilibrium. The objective here was to compare the growth and properties of STS and NAT particles. Many cases were run to examine the radiative characteristics of clouds produced under different microphysical conditions; five of these are discussed here and their parameters are shown in Table 1 . In simulations A and B background sulfuric acid particles were allowed to grow by uptake of nitric acid and water but the freezing mechanism was turned off. This simulated the growth of STS, or Type Ib PSC. A typical STS size distribution is shown in Figure 1a .
The modal radius has grown from the initial background value of 0.08 microns to about 0.3 microns. In simulations C, D, and E, a percentage of the liquid aerosol was allowed to freeze. Once freezing started, the particles took up nitric acid quickly and grew into NAT particles within a day. Several freezing fractions were used in the calculations ranging from 0.0001 to 0.01 of the background concentration. The final NAT size distribution for the case of a 0.001 freezing fraction, shown in Figure Ib , produces large NAT particles whose sizes are consistent with recent SOLVE/THESEO 2000 observations of NAT particles, although the concentration is larger [Fahey et al., 2001] . The other distribution in Figure Ib is that of the remaining background aerosol. The NAT modal radius was about 3 ¢ m with sizes extending up to 10 ¢ m and concentration of about 0.001 particles per cc. Fig. 2 shows the final extinction coefficient vs wavelength for simulations A and D. Type Ib (STS) has a larger extinction but greater wavelength dependence as expected for a large number of small spherical particles. The extinction curve for the NAT (Type Ia) PSC is lower but the wavelength dependence is flatter as expected for a small number of solid particles.
We exploit the relationships between the extinction and wavelength dependence of the PSCs to tell them apart in the satellite data. As the particles grew, it was observed that the 1 £ m extinction values increased for both NAT and STS, however the wavelength dependence of the extinction differed. The wavelength dependence is represented by the ratio of 1.018 to 0.603 £ m extinctions. The ratio of simulated PSC extinction to background extinction at 1 £ m (hereafter called ext-bg) is plotted against the wavelength dependence (hereafter called wd) in Figure 3 . Simulations A and B correspond to the formation of STS particles (freezing turned off). Onset of particle growth occurred at about 191 K and particle growth was within 90% of equilibrium in less than 1 day. Three simulations show the formation of NAT particles. Ext-bg values are plotted versus wd for freezing rates of 0.001 (Simulation D), and 0.0001 (Simulations C and E), as indicated in the figure caption and in Table 1 . The STS and NAT curves bifurcate when approximately 10% of the available nitric acid is in the form of NAT. Increased uptake of nitric acid causes the NAT particles to grow large enough to dominate the radiative properties of the size distribution. NAT particle growth started at about 194 K and was essentially complete in 2 days. During this time the surface area density of the NAT particles increases dramatically, from 5 x 10 -11 cm 3 -cm -3 to 1.2
x 10 -8 cm 3 -cm -3 . The (wd, ext-bg) values increase from (0.22, 1.0) to (0.82, 20) . Similar behavior was observed for all simulations of STS and NAT particles. Changes in the temperature history and water and nitric acid abundance had little effect on the extinction properties of the clouds. The initial size distribution had the greatest effect on the radiative properties of the clouds. This is illustrated by Simulations B and E in which the background size distribution was increased to 25 particles per cc and modal radius was decreased to 0.06 ¤ m. The resultant STS simulation curve is seen to shift slightly to smaller wavelength dependence, but there is little effect on the NAT simulation. Altitude has a large effect on PSC radiative properties. The 1 ¤ m extinction coefficient is normalized by the background extinction coefficient to compensate for part of the altitude dependance, but there are two effects that this normalization does not take into account.
The abundance of NOy (and hence HNO 3 ) increases with increasing altitude, while the abundance of sulfate decreases.
Typical values of sulfate and NOy at 21 km are 0.1 ppbv and 10 ppbv, respectively while at 15 km typical values are 0.2 ppbv and 2 ppbv, respectively. Thus the mass increase upon PSC formation is much greater at the higher altitude, which affects directly the change in extinction coefficient for both Ia and Ib PSCs. Simulations of STS and NAT PSCs at 15 km were run to show the effect of changes in the concentration of NOy; simultaneous changes in sulfur concentration would magnify the variations. The conditions for simulations F and G are shown in Table 1 and the curves are shown in Figure 4 .
Plotted for reference are the simulations A and C at 21 km. The simulations appear to tilt toward values of lower ext-bg and higher wd.
Results and Discussion
Figure 5 compares POAM PSC observations in the altitude range of 20 km to 21 km compared with simulations made at 21 km. Observations clearly bifurcate in (wd, ext-bg) space. Agreement of the observations with the STS simulation A and NAT simulation C is good although the STS simulation tends to underpredict the wavelength dependence a bit. As mentioned previously, only PSC with the largest extinction coefficient were used in this study. One reason for this is that the motivation of this study is to identify PSCs that can cause denitrification. Clouds with lower values of extinction coefficient likely contain too little mass to cause denitrification. The bifurcation of Type Ia and Type Ib clouds occurs at (wd, ext-bg) of about (0.3, 4.0). There is some scatter to the observations. Typically, the uncertainty in the POAM extinctions is considered to be about 15% [Lumpe et al., 2001] . The POAM sample volume is typically about 200 km long, 30 km wide, and 1 km thick. In this volume there may be non-homogeneous clouds, producing scatter in the observations. Clouds that do not fill the entire sample volume would produce a lower value of extinction coefficient. There also appears to be a slight bias to the simulations, with the STS having slightly higher wd ratios and the NAT having slightly larger wd Discriminating Type Ia and Ib PSCs in POAM Satellite Data 11 ratios. A larger wd ratio could be caused by too large particles in the simulation. These differences may be due to the assumptions used in the simulations. While changes in the heterogeneous freezing fraction had little effect in these simulations, we did not explore other freezing scenarios in this study. Increasing the number density and decreasing the modal radius of the initial background aerosol (as in Simulations B and E) resulted in shifts in the proper direction although the magnitude of the changes seems excessive. The radiative calculations assumed spherical particles while lidar data demonstrate that Type Ia particles are not spherical.
A cluster of five observations with ext-bg greater than 80 and wd greater than 0.7 appear to lie in an area between the Type Ia and Ib simulations. The radiative properties of these clouds are well below the Type II PSC threshold, which is approximately at an ext-bg ratio of 1000. In all simulations, the particles were allowed to come into equilibrium with their surroundings and we were unable to drive the Ia simulations to ext-bg values greater than 20. These may be clouds that contain a mixture of both STS and NAT particles in sufficient numbers that the combined wavelength dependence is averaged. Previous researchers have also observed mixed clouds [Toon et al. 2000; Browell et al., 2001] . Several simulations, not presented here, resulted in mixed clouds with properties similar to the observations that existed for short periods of time during the simulations. A more rigorous study of this question will be taken up in the future. Despite these factors, the generally excellent agreement between simulations and observations in Figure 5 encourages a confident discrimination between STS and NAT clouds using this method.
A criterion for discriminating Type Ia and Ib clouds was selected midway between the Ia and Ib groups of observations guided by the simulations and POAM PSC observations at 20 to 21 km .The criterion is described by a line of the form Ext-BG = exp (A * WD -1.5)
where A is a coefficient equal to 8.5 in this altitude range. The y-axis intercept was chosen based on the fact that in the simulations the background aerosol always had a wavelength dependence of 0.22. Of course the ext-bg value for the background aerosol was always 1.
POAM PSC observations for the 1999/2000 Northern Hemisphere winter are plotted in (wd, ext-bg) space for six altitude bins in Figure 6 . As was observed with the simulation results shown in Figure 4 , the observations tilt toward lower ext-bg and higher wd as the altitude decreases. The theoretical simulations and the observations give us the confidence to include this altitude dependence in the criterion. This altitude variation was captured reasonably well by changing the coefficient A by 0.8 per 2 km bin. Thus the coefficient for the 24 -25 km was 10.1; 22 -23 km, 9.3; 20 -21 km, 8.5; 18 -19 km, 7.7; 16 -17 km , 6.9; 14 -15 km, 6.1. The criterion lines are shown as solid in Figure 6 . It is also worth noting that the ratio of the 1 ¥ m extinction coefficient to the background extinction coefficient generally decreases with altitude.
Uncertainty in the 1 ¥ m extinction coefficient is estimated to be 15% [Lumpe et al., 2001] . While no estimate for the 603 nm extinction coefficient is available, it is reasonable to estimate this at 15% also. The background extinction coefficient was averaged over 10 to 14 points, so its uncertainty is about a factor of three less than that of the other extinction coefficients or about 5%. Analysis of the uncertainties associated with each observation is complicated by the fact that the 1 ¥ m extinction coefficient appears in the numerator of the quantities on both axes in Figure 6 . Estimates of the combined uncertainty for ext-bg and wd were computed using a random number generator, based on the uncertainties observations that lie to the right of the line and outside of the uncertainty envelope, in Region Ia, are considered to be Type Ia or NAT clouds. This conservative approach was adopted to make the discrimination method more robust.
Several other observations, located in a region of low ext-bg and high wd, were also eliminated from the analysis.
These are discussed below. They are classified as undetermined for this study because they lie well outside the group of observations that can clearly be identified as Type Ia PSCs and because we were unable to generate points in that region of the graph in any of our simulations. These points are also represented by crosses in Figure 6 .
A statistical analysis was carried out in order to give confidence that the criterion selected above could faithfully discriminate between Type Ia and Ib PSCs. The criterion for each altitude bin was used to separate the observations into Type Ia, Type Ib and undetermined groups. Then linear regressions were fit through the Ia and Ib observations and the following questions were posed about the pair of each regression in each altitude bin: (1) Is the slope of regression line statistically significant? That is, is it different from a line with zero slope? (2) Are the two regressions statistically different from each other? (3) If the regressions (i.e., slope and/or intercept) differ significantly, are the slopes of the two lines different from one another? The first two statistical questions were answered by applying F-test statistics and the third was answered by applying a t-test. Of the twelve regression lines tested in this way, most met of the above criteria with at least 95% confidence. The three exceptions were the cases in which there were only three observations in the population.
However, since all of the other cases were statistically significant, it is reasonable to assume that these cases would be also, given more observations.
Other criteria for the discrimination of Type Ia and Ib PSCs different from the one chosen in this study are possible.
For example, an envelope of allowed values around the STS and NAT simulation lines could be developed. However, the criteria chosen has the advantages of capturing the essential features of the simulations and observations and of being easily implemented.
Further confidence in the validity of the method is obtained by comparing POAM PSC observations with the DIAL Discriminating Type Ia and Ib PSCs in POAM Satellite Data 14 lidar , which was flown on the DC-8 and OLEX [Dörnbrack et al, 2001] Table 3 lists the POAM III and lidar observations that led to the PSC determination. Note that agreement was found for all eight cases. The observation at REV 9415 actually has an extinction coefficient lower than the 4-sigma threshold used to filter out weak PSCs mentioned earlier. The fact that both the lidar and the present analysis scheme classify this observation as a Type Ia PSCS demonstrates that the 4-sigma requirement is very conservative. This requirement could have been relaxed somewhat and still maintain the integrity of the method.
As previously mentioned, several points on Figure 6 are of interest because they lie well to the right of the criterion Three POAM Type Ia observations are explored in more detail using backtrajectory analysis. Figure 7 shows 5-day United Kingdom Meteorology Office (UKMO) temperature histories plotted as T -T NAT versus days prior to the observation. T NAT is calculated for each point in the backtrajectory assuming concentrations of 5 ppmv and 10 ppbv for water vapor and nitric acid, respectively. Rev 9415 has a (wd, ext-bg) equal to (0.5, 2.8) and is located near the criterion envelope in Figure 6e . Rev 9473 (0.82, 23.4) and Rev 9516 (0.97, 184.5) are in Figure 6c and 6b, respectively. These observations were chosen because each of them are identified as Ia clouds using the present method and from the DIAL lidar data. REV 9415 is the weakest of the PSCs and its temperature history just dips below T NAT the day before the observation and is actually 3 K above T NAT at the time of the observation. REVs 9473 and 9516 show very similar temperature histories despite the fact that REV 9516 has considerable stronger extinction. It is difficult to explain these observations based on their temperature histories. There is much uncertainty about the mechanisms responsible for NAT nucleation and evolution. Studies showing that NAT form only after prolonged exposure below the NAT saturation temperature, T NAT , suggest a homogeneous nucleation mechanism. However, many of the backtrajectories for Type Ia PSC observations by POAM show periods below T NAT of only one day. To date no single theory can explain all of the available data. Several studies have pointed out that in some cases the temperatures derived from the assimilated models may be biased to warmer temperatures and this possibility must be considered. It is worth noting that typically, T NAT is calculated assuming values for the nitric acid and water vapor mixing ratios, which are generally not known. The values used in this study are 10 ppbv and 5 ppmv for nitric acid and water vapor, respectively. An error in either of these quantities can have an effect on the calculated NAT frost point. For example, changing the water vapor mixing ratio from 5 to 6 ppmv can increase T NAT by as much as one degree.
Results from the discrimination algorithm that was used on the POAM PSC observations for the Arctic winter of 1999/2000 are tabulated in Table 4 . As mentioned previously, only the strongest PSCs were considered in this study. Of the 328 PSC observations, 32% were identified as Type Ia, 23% as Type Ib, and 45% as undetermined over the course of the winter. The large number of undetermined PSCs is the result of the very conservative criterion used. Figure 8a The ratio of Type Ia to Ib observations in November, December, and January is 3, 2.7, and 2.3 respectively. This ratio reverses in February and March to 0.38 and 0.28. To explore this observation further, Figure 8b shows the distribution of PSC observations in altitude over the course of the 1999/2000 Arctic winter broken into Type Ia and Ib. For clarity, linear regressions for the data are also shown on the plot. As the winter progresses Type Ia PSCs are observed at increasingly lower altitudes than Type Ib. For comparison, the subsidence of stratospheric air is represented by the altitude decrease of a tracer gas, N 2 O, as measured by the LACE experiment on board a balloon at the beginning and end of the 1999/2000 Arctic winter [Moore et al., 2001] . As the winter progresses, observations of Type Ib PSCs tend to occur at lower altitudes than the tracer measurements would indicate for the descent of the airmass. PSC formation, however is governed primarily by the temperature of the airmass and there is evidence that the center of the cold pool descended more rapidly than the subsidence [Drdla, et al., 2001] . The descent of the Type Ib PSC observations follows the descent of the cold pool. The regressions were subjected to an f-statistics analysis and show that Type Ia PSCs are more likely to be observed at lower altitudes than the Type Ib PSCs as the winter progresses by a statistically significant margin. Both are observed at about the same average altitude in December and early January but in February and March the average altitude of Type Ia observations is 2 to 3 km lower. This coincides with the reversal of the Ia to Ib ratio. Presently, the reasons for this are unclear. Denitrification was observed during this winter after January above 16 km and not below 16 km [Popp et al., 2001] . This however, cannot explain the change in the ratio of Type Ia to Ib PSCs after January since denitrification would suppress Type Ia and Ib cloud formation by about the same amount. One possibility is that the concentration of nuclei needed for the heterogeneous formation of Ia PSCs has been depleted at the higher altitudes during the course of the winter. In other words, Type Ia PSCs sediment to lower altitudes during the winter, taking with them the nuclei responsible for their formation. When they reach lower stratospheric altitudes, below the cold pool, they evaporate and Keeping in mind that the POAM observations reported here are all within the vortex, the discrepancy between the partitioning of Type Ia and Ib PSCs for DC-8 and POAM underscores the fact that the cold pool only makes up a fraction of the vortex. These sampling differences must be considered when comparing observations from different instruments.
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A method for discriminating Type Ia and Ib PSCs from POAM satellite occultation measurements of aerosol extinction has been presented. The method has been validated by applying several statistical tests to the results and by using DIAL and OLEX lidar measurements made during SOLVE/THESEO 2000. The significance of this method is that Type Ia PSCs are believed to be composed of large nitric acid containing particles that will sediment out of the stratosphere causing denitrification. A decrease in the concentration of nitric acid allows chlorine to remain in its active forms longer and results in increased ozone depletion. Type Ib PSCs are believed to be much smaller and will not sediment out of the stratosphere. Therefore identifying Type Ia PSC events may provide information on when and where denitrification is occurring. Satellite occultation data provide more continuous temporal coverage and larger areal coverage than the lidar data which has been used to date to identify Type Ia and Ib PSCs. One drawback is that satellite occultation measurements are usually confined to latitudes less than about 70°.
The method is made possible by the character of POAM observations when plotted as normalized extinction versus wavelength dependence. As the extinction increases, observations of Type Ia and Ib PSCs bifurcate on a plot of ext-bg versus wd as the wavelength dependence of the Type Ia PSCs increases. This behavior was also observed in simulations of the formation of STS and NAT particles. Figure 9 . It is seen that the SAGE III wavelength at 1.55 ¨ m is even more effective than the 1.018 m wavelength for discriminating Type Ia from Ib clouds. It is our belief that the present method of analyzing satellite data to discriminate Type I PSCs will be of great utility in the study of PSCs and ozone depletion.
The PSC discrimination algorithm is applicable to previous winters, and will work with future SAGE III observations as well. This will permit a more extensive study of the statistical significance of some features of the PSCs observed during the 1999/2000 Arctic winter. In the future the PSC discrimination algorithm will be used to study PSC observations from previous winters in both hemispheres. We will look for evidence linking satellite observations of Type Ia PSCs and denitrification events, establish a Type Ia climatology as observed by satellite observations, and investigate interhemispheric and interannual variability. To date the simulations of PSC formation have been used as a guide to establishing the criteria outlined in this paper. In the future we will use our modeling capability to make a more exhaustive study of the parameter space used by this method. It is our belief that the present method of analyzing satellite data to discriminate Type I PSCs will be of great utility in the study of PSCs and ozone depletion. Figure 6a is for 24 to 25 km, (there were no PSC observations above 26 km); 5b, 22 to 23 km; 6c, 20 to 21 km; and 6d, 18 to 19 km.; 6f, 16 to 17 km; 6e, 14 to 15 km. The criterion discussed in the text is displayed. 
